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ABSTRACT: Substrate roughness inﬂuences the wetting properties of self-
assembled monolayers (SAMs), but details on this dependency at the sub-
nanometer level are still lacking. This study investigates the eﬀect of surface
roughness on interfacial properties of n-alkanethiolate SAMs, speciﬁcally
wetting, and conﬁrms the predicted limit to the observation of the odd−even
eﬀect in hydrophobicity. This article studies static contact angles of polar and
nonpolar probe liquids on a series of n-alkanethiolate SAMs on surfaces
with tunable roughness. We prepared Ag surfaces with root-mean-square
roughness (Rrms) of ∼0.6−2.2 nm and compared the wetting properties of
n-alkanethiolate SAMs fabricated on these surfaces. We measured the static
contact angles, θs, formed between SAM and probe liquids [water, glycerol,
and hexadecane]. Hexadecane showed an odd−even eﬀect on all surfaces
irrespective of the degree of roughness. Polar liquids (water and glycerol), however, showed a dependency on the roughness
of the substrate with an odd−even eﬀect observable only on smooth, but not rougher (Rrms ≥ 1.15 nm), surfaces. These
results conﬁrm that the previously predicted limit to observation of the odd−even eﬀect in hydrophobicity (here extended
to polar liquids) is real. From the results with glycerol, we infer that this limit is not limited just to hydrophobicity but
may extend to other polar liquids. Results from hexadecane, however, suggest that this limit may not be a universal property of
the SAM.
1. INTRODUCTION
The ability and nature of a liquid to establish contact with a
surface depends on the resultant interfacial surface energies,
which, in turn, depend heavily on the nature of surface
asperities.1 In self-assembled monolayers (SAMs) on smooth
surfaces, surface asperitiesoften expressed in terms of the
root-mean-square roughness (Rrms)are way below the
diameter or the capillary length of the wetting liquid.2−8 In
this regard, the contact anglean equilibrium state independ-
ent of the shape, volume, and external ﬁeldemerges as a
simple yet powerful tool to delineate surface property evolu-
tion with subtle changes in SAM surface morphology. This
equilibrium represents a balance between the droplet capillary
energy and the change in substrate energy upon placement of
the droplet and can be captured in terms of Gibbs free energy
as an integral over the substrate area (eq 1). This expression of
the change in free energy, though exhaustive in its capture of
interfacial phenomena, is challenging to realize experimentally,
illustrating the complexity in delineating the nature of the probe
liquid−substrate interface.
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where G is the Gibbs free energy, h(xy) is the height of the
droplet at a point x,y on the substrate, E is energy, and γ is the
surface tension.
A simpler approach to understanding wetting on textured
surfaces is to assume that such an equilibrium, expressed in
Gibbs free energy (above), can be captured by simpliﬁed
descriptors such as Young’s equation (eq 2), the spreading
parameter (eq 3), and the Cassie−Baxter equation, among
others, through the evolution of the static contact angle with
changes in surface roughness. In the case of SAM on metal
surfaces, the metal would dominate the surface roughness,
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although the so-called odd−even eﬀect captures interfacial
variations in molecular orientation:
γ γ γ θ= + cossv sl lv (2)
where θ is the contact angle and γsv, γsl, and γlv are surface
tensions between the three phases (solid, vapor, and liquid).
In a more simpliﬁed version, the equilibrium between a liquid
droplet and a surface is, by nature, a balance between cohesive
and adhesive forces. The spreading parameter, S, is a balance
between the work of adhesion (Wa) and work of cohesion (Wc)
(eq 3).9 For a nonwetting liquid (S < 0), the contact angle (θ)
is thus dictated by γlv and S (eq 4):
9
γ γ γ= − = − +S W W ( )a c sv sl lv (3)
γ θ= −S (cos 1)lv (4)
The relations above illustrate that, for nonwetting surfaces,
the static contact angle is highly informative on the nature of
the interfaces generated when a liquid contacts a surface and
thus can be used to eﬀectively study wetting. Although these
parameters capture the global evolution in free energy at the
interface, the degree of order in an n-alkanethiolate SAM
imparts diﬀerences in wetting properties in part due to the so-
called odd−even eﬀect (Figure 1). The odd−even eﬀect, an
oscillation in the values of static contact angles related to the
total number of carbon atoms in the n-alkanethiol, was recently
predicted to be observable up to a certain level of substrate
roughness.7 To advance our understanding of wetting, and
hence expand the applicability of the above parameters, it is
necessary to empirically validate this limit. This work provides
the ﬁrst experimental data in support of this limitation.
Background. SAMs are widely studied for tuning surface
structure and properties at the molecular scale and hence
have major fundamental and technological implications.11−19
A small change in molecular structures can result in variations
in physical properties of materials, especially in alkanethiolate
SAMs where properties can depend on the number of -CH2-
units: for example, in the odd−even eﬀect, which manifests
in the chemical, physical, surface, and, interfacial properties of
both bulk and nanomaterials. Aﬀected properties include chemical
reactivity, electronic property, friction behavior, wetting, and
electrochemical properties.14,15,18,20−22 We,10,23−26 and
others,16,17,22,27−30 have empirically and theoretically observed
the odd−even eﬀect in SAMs. It is generally agreed that the
odd−even eﬀect in SAMs is caused by varying tilting angles of
terminal groups (CH3 in n-alkanethiols), hence its surface dipole
in well-ordered SAMs.25 This terminal moiety orientation and
overall structure of SAMs, however, signiﬁcantly depends on
the quality of the monolayers, which in turn depends on the
roughness of the substrate and metal−headgroup (S for thiols)
interface. We have recently shown that when the substrate Rrms
was larger than 2 nm, we did not observe the odd−even eﬀect
in hydrophobicity (a zigzag oscillation in values of static water
contact angle, θs).
25 With a smoother substrate (Rrms ≤ 0.6 nm),
however, where a more uniform and less defective SAM was
expected to form, we did observe an odd−even eﬀect.23 Using a
variety of ultraﬂat surfaces (Rrms = 0.2−0.4 nm), and extra-
polating over long range, we predicted a limit to the observation
of the odd−even eﬀect at substrate Rrms ≈ 1 nm.
23 From the
same study, we predicted the maximum observable diﬀerence
in static contact angles between odd- and even-numbered
n-alkanethiol SAMs and water on an atomically ﬂat substrate
was 3°.23 Because the odd−even eﬀect in SAMs wetting could
be due to a combination of interfacial eﬀect from the structure
of the SAMs and surface normal dipole eﬀect,20,21 it is important
to expand the library of probe liquids such that the polar and
dispersive components in surface tension can be decoupled.
Contributions of dispersive components (dominated by mole-
cular vibrations at the interface, hence weak secondary interac-
tions) can be deduced from nonpolar liquids (e.g., hexadecane),
while polar liquids (water and glycerol in this work) can inform
the role of the polar component in the wetting properties.
Combining this understanding with the ability to fabricate
template-stripped substrates with tunable surface roughness
and morphologies, we extend our work to rougher surfaces to
(i) establish whether the predicted limit to the observation of
the odd−even eﬀect is real and (ii) extend our studies beyond
hydrophobicity to further inform the nature of the generated
interfaces.
2. METHODS AND EXPERIMENTS
Materials. Alkanethiol reagents (decanethiol-to-hexadecanethiol,
C10-to-C16) were purchased from Sigma-Aldrich, except for
n-tridecylmercaptan (C13), which was purchased from Pfaltz & Bauer.
A 200 proof ethanol was purchased from Decon Laboratories, Inc. All
chemicals and reagents were used as received. Nitrogen and argon
gases were purchased from Airgas and used as supplied.
Ag Surface Preparation. All metal ﬁlms were custom-prepared by
Substrata Thin Film Solutions Inc. and used as received. A 200 nm Ag
ﬁlm was ﬁrst e-beam evaporated onto a 4 in. silicon wafer, followed
by a sputtering of 10 nm of a diﬀerent metal adlayer (either iron (Fe),
zinc (Zn), copper (Cu), or titanium (Ti)). The metal ﬁlms were then
template-stripped to reveal a fresh Ag surface, as previously reported.23−25
Atomic Force Microscopy Characterization. We used a Bruker
Innova atomic force microscope in tapping mode to characterize the
surface features of template-stripped Ag surfaces. Images obtained
ranged from 3 to 5 μm in length and width at the rate of 1 Hz.
We measured all samples immediately after template-stripping. We
used the data analysis software Gwyddion to process and automatically
analyze the images and obtain the roughness.
Preparation of Monolayers. Freshly template-stripped AgTS or
AgM‑TS was washed with ethanol and dried with a stream of nitrogen
gas before forming SAMs. As previously reported,23−25 SAMs were
prepared by placing the template-stripped metal substrate into a vial
Figure 1. Contact angle of water on n-alkanethiolate SAMs fabricated
on ultraﬂat silver surfaces, showing an odd−even oscillation. The
tilting angle of the terminal group, relative to the surface normal, of
alkanethiols on Ag varies with the number of carbons in the molecule
chain being odd or even, which is approximately 10° and 20°,
respectively.10
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containing 3 mmol of alkanethiol in 5 mL of 200 proof ethanol.
The surface and thiol solution were incubated for at least 3 h under
inert atmosphere (Argon gas). The SAM was then rinsed with copious
ethanol and dried with nitrogen gas.
Measuring the Contact Angle. Static contact angles formed
between the SAMs and probe liquids (deionized water, hexadecane
[HD], and glycerol) were measured using a Goniometer (Rame-́Hart
100-00) with a tilting base. A droplet of probe liquid (1.5 μL) was
Figure 2. Characterization of surface roughness analysis of AgTS and AgM‑TS surfaces by AFM, including both 2D topology images and the tilted
3D-view images.
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dispensed onto the SAMs through an integrated syringe pump.
Images of the droplets on SAMs were generated and analyzed with
DropImage software. A minimum of eight measurements were made
for each monolayer to obtain the average values of θ.
3. RESULTS AND DISCUSSION
To study the dependence of SAM wetting on substrate rough-
ness, we ﬁrst fabricated Ag surfaces with various morphology
and roughness through surface reorganization. To induce this
surface reorganization, we designed and applied an interfacial
stress on the Ag ﬁlm by sputter coating a thin adlayer (10 nm)
on the ﬁlm before template-stripping. Surface roughness of the
template-stripped silver substrates (with metal adlayer, AgM‑TS,
and without adlayer, AgTS) were characterized by atomic
force microscopy (AFM). Figure 2 shows the AFM images and
their corresponding 3D views of the prepared surfaces. AgTS
had comparatively larger grains and was smoother than other
AgM‑TS surfaces. The 3D topography indicated that the grains
lie deeper in the substrate than the asperities. We observe
that AgTS has the lowest Rrms (0.63 ± 0.08 nm), while Ag
Zn‑TS,
AgTi‑TS, AgCu‑TS, and AgFe‑TS surfaces have average Rrms values of
1.15 ± 0.17, 1.53 ± 0.13, 1.89 ± 0.18, and 2.18 ± 0.41 nm,
respectively (Figure 2).
The wetting properties of medium chain length n-alkanethiolate
SAMs (C10−C16) formed on AgTS and AgM‑TS were investigated
by measuring the static contact angle formed with diﬀerent
probe liquids. Three probe liquids (water, glycerol, and HD)
were used for investigating the wetting properties of the formed
SAMs. All contact angle data are summarized in Supporting
Information (Figure S1 and Tables S1−S3).
General Trends. As previously demonstrated, we observed
that the values of θ gradually increased as molecular length
increased, irrespective of the presence or absence of the
odd−even eﬀect. The odd−even eﬀect, a zigzag oscillation in
the values of θ, was observed between all probe liquids and
SAMs on the smooth substrate (Rrms = 0.6 nm). Interestingly,
HD showed the odd−even eﬀect across all substrates, but the
polar liquids failed to show similar results with surfaces with
RRMS > 1 nm. Table 1 summarizes observed odd−even eﬀect
across diﬀerent probe liquids and substrates. From these data,
we can therefore infer the following:
(i) With smooth AgTS surface (Rrms ∼ 0.63 ± 0.08 nm), all
probe liquids give an odd−even oscillation in θ on medium
chain length SAMs (C10−C16).
(ii) We observed no odd−even eﬀect on AgM‑TS (Rrms ∼
1.15−2.18 nm) with the polar liquids (water and glycerol).
(iii) With nonpolar liquid (HD), all surfaces showed an
odd−even eﬀect in θ. As Laibinis et al. argued,30 a closer
proximity of HD molecules to the SAM leads to greater
sensitivity to the terminal methyl group orientations and hence
smaller roughness dependence.
(iv) Despite the slight discrepancy in the absolute values
of θ from one substrate to the other, we observed a general
increase in the values of θ with increasing molecular length of
n-alkanethiol forming the SAM (Figure S1). The general trend
in hydrophobicity seemed to plateau for longer n-alkanethiolate
(>C13) SAMs on the smooth Ag
TS but not on the other sub-
strates. As we previously reported,23,25 this is likely because
the SAMs became more crystalline, forming a more rigid and
uniform interface, resulting in no signiﬁcant change in the θ
(Tables S1−S3 and Figure S1).
Eﬀect of Substrate Roughness on the Odd−Even
Eﬀect. We previously predicted an Rrms ≈ 1 nm limit in the
observation of the odd−even eﬀect in SAM hydrophobicity.23
The results in Table 1 conﬁrmed that, for the water contact
angle, we could observe the odd−even eﬀect on substrates with
Rrms = 0.63 ± 0.08 nm (Ag
TS), but not on those with Rrms ≥
1.15 ± 0.17 nm (AgZn‑TS). This ﬁnding indicates that the
experimental limit in odd−even eﬀect lies between substrate
Rrms = 0.63−1.15 nm, close to the predicted limit of 1 nm.
Besides water, we observed a similar trend with glycerol but
not HD, indicating that this limit exists for polar liquids but
not nonpolar liquids. Based on spectroscopic studies (sum-
frequency generation),31 we observed that there are two main
changes occurring in the nature of the SAM with changing
molecular length, viz., the following: (i) The SAM becomes
more rigid, hence an increase in the vibration intensity of the
terminal moiety; (ii) the local environment of the terminal
group (and hence that of the methylene spacers) changes with
increase in molecular length. We believe that hexadecane being
nonpolar (γP = 0), hence wetting the SAM, will be sensitive to
the later while nonwetting (polar) liquids will not be.
Eﬀect of n-Alkanethiol Chain Length on the Odd−
Even Eﬀect. We have previously shown that the odd−even
oscillation in θ is asymmetrical because of changes in the nature
of a well-ordered SAM with increasing molecular length.23,25,26
To further understand the eﬀect of substrate roughness on
the odd−even eﬀect, we introduced two parameters, a and b,
the change of contact angle with change in overall length
by one CH2 unit. We deﬁne a as the average absolute value
of the change in contact angle from even- to odd-numbered
SAMs ( = θ∑ |Δ |=
→
a
N
i
N
1 s
E O
, where ΔθsE→O = θn+1 − θn with n being
an even number and N the total number of ΔθsE→O con-
sidered), while b is the analogous change from odds to evens
( = θ∑ |Δ |=
→
b
N
i
N
1 s
O E
, where ΔθsO→E = θn+1 − θn with n being an odd
Table 1. Summary of Wetting Properties of n-Alkanethiolate
SAMs with Polar and Nonpolar Liquidsa
aSurfaces with diﬀerent degrees of roughness (Rrms) were used to
prepare SAMs of diﬀerent lengths with the odd−even eﬀect in
hexadecane (HD, nonpolar) wetting being observed on all surfaces.
Polar liquids (water and glycerol) only showed the odd−even eﬀect
on smooth surfaces. The respective surface tension (γP = polar, γd =
dispersive) components for each liquid are given for clarity. Detailed
summaries of contact angles are given in the Supporting Information.
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number and N the total number of ΔθsO→E considered).
Figure 3 shows the values of a and b parameters with respect
to substrate roughness (see Supporting Information Table S4).
From Figure 3a, it is obvious that a values decreased by ∼1°
with increase in surface roughness but asymptotes with Rrms >
1 nm. Similarly, Figure 3b indicates an analogous behavior
for the value of b for water and glycerol but not for HD
(no signiﬁcant diﬀerences). We observe that the values of a are
higher than those of b, which we attribute to the diﬀerences
in the nature of the SAM with increasing molecular length.7
We observe that the diﬀerence is larger on the smoother
surfaces, where we also observe the odd−even eﬀect, than on
the rougher surfaces.
Dispersive vs Polar Components of Surface Tension.
The spreading of a liquid on a surface depends on the
dispersion and polar components of surface tension (see eq 3).
To further delineate the role of these two components in SAM
wetting, we quantify a liquid property by calculating the ratio
of γp and γd, viz., γp/γd. For example, the surface tension of
water at 293 K is 72.8 mN m−1 with a dispersion contribution
∼22 mN m−1 and a polar contribution ∼51 mN m−1, hence a
ratio of 2.3.32 All dispersion force and polar force for water,
glycerol, and HD are listed in Table 1,33,34 giving γp/γd = 2.3,
1.7, and 0 for water, glycerol, and HD, respectively. Figure 4
compares the a and b parameters and the overall change in
contact angle, Δθs (=θsmax − θsmin), with the change in the γp/γd
for the three liquids. We observe that a, b, and Δθs decreased
with increasing γp/γd analogous to the relations observed when
the a and b parameters were compared to roughness (Figure 4a).
For comparison purposes, we also made a similar plot for
AuTS based on literature data (Figure 4b). We observed a more
pronounced decrease with an increase in γp/γd for AuTS. We
attribute this pronounced relationship to the larger odd−even
oscillation in the contact angle in AuTS SAMs, which also
captures the diﬀerence in tilt angles for molecules on these two
surfaces and hence the orientation in the terminal CH3 group.
Because the dependency of a and b on dispersive and polar
components is linear (Figure 4), we can infer that the large
drop in roughness dependencyand the eventual asymptote
(Figure 3)are due to the eﬀect of surface roughness on the
contact angle and hence conﬁrm a transition in the wetting
behavior at/or around Rrms ≈ 1 nm. For nonwetting liquids, this
transition leads to the loss of an ability to observe the odd−even
eﬀect for medium sized SAMs. We also observed a slight but
insigniﬁcant inﬂection on the wetting HD, but we express
caution in overinterpreting this inﬂection as it is within margins
of error; we further observed a reliable linear ﬁt for the HD data
in Figure 3.
Eﬀect of Grain Sizes and Surface Morphology. To
delineate the role of the substrate surface morphology on
wetting properties of SAMs, we compared the grain size of all
substrate surfaces. ImageJ was used to analyze and estimate the
average grain area, as shown in Figure 5a,b, where the black
regions were considered a ﬂat grain area (details are available
in the Supporting Information). Among all substrates, AgTS has
the largest grain area, indicating fewer defects (primarily grain
boundaries) on the surface. In comparison, AgTi‑TS with smaller
grain and hence more grain boundaries has wetting properties
Figure 3. Understanding variations in asymmetry in the odd−even eﬀect. The a and b values, derived from contact angles of three liquids, are
compared with regard to substrate roughness. (a) Correlation between a and the substrate roughness. (b) Correlation between b and the substrate
roughness.
Figure 4. Comparing the a and b parameters and Δθs of water contact angles for AgTS and AuTS. (a) Correlation between the three parameters with
probe liquid properties (γp/γd) on AgTS. (b) Correlation between the three parameters with probe liquid properties (γp/γd) on AuTS (data derived
from literature).
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comparable to AgZn‑TS and AgCu‑TS. AgZn‑TS, whose Rrms is close
to the predicted 1 nm limit in hydrophobicity (Rrms ∼ 1.15 nm),
has considerably larger average grain size (Figure 5a) but
still does not show the odd−even eﬀect in hydrophobicity.
In agreement with our previous report, the large grains on the
surface do not signiﬁcantly enhance the overall SAMs structure
to allow for observation of the odd−even eﬀect. This ﬁnding
implies that the overall surface roughness, and not necessarily
the surface morphologies, plays a greater role in observation
of the odd−even eﬀect. As in Figure 5c, the overall change
in contact angle for all three liquids depends on the surface
roughness. However, we exercise caution in overgeneralizing
the eﬀect of large grains, as a more robust systematic study is
needed to make this general statement.
■ CONCLUSION
This work advances our understanding of the odd−even eﬀect
in wetting properties of SAMs formed on silver surfaces
(0.6 nm < Rrms < 2.5 nm) using various probe liquids (both
wetting and nonwetting), the results bringing to the fore-
front an understanding of some fundamental properties of
n-alkanethiolate SAMs that can be extended beyond wetting.
From this study, we infer the following:
(i) Static contact angle is an information-rich measurement
for understanding subtle changes at liquid−substrate interfaces.
We have used static contact angles to demonstrate that subtle
changes in both the substrate and the SAM can lead to signiﬁ-
cant consequences in the wetting properties and hence capture
changes at the liquid−SAM interface. Deployed in a compar-
ative physical−organic study, in which case the study is self-
referencing, we observed general trends in the wetting properties
resulting from changes in surface roughness or the properties of
probe liquid. Variations in the absolute values of the contact
angles with changes in molecule size allowed us to capture
changes in the order of the SAM, which has been reported to
increase with molecular length increase.14,19,22
(ii) The odd−even eﬀect in hydrophobicity cannot be
observed on Ag surface with Rrms ≥ 1.15 ± 0.17 nm. From
experimental results, the odd−even eﬀect in hydrophobicity is
observed only when Rrms ≤ 0.63 ± 0.08 nm, but not for Rrms ≥
1.15 ± 0.17 nm (range 1.0−1.3 nm). This empirical evidence
supports the idea that there is a roughness beyond which the
odd−even eﬀect in hydrophobicity, and by extension in wetting
for polar liquids, cannot be observed. From the current study,
this transition point is at least around or below Rrms = 1 nm.
(iii) Hexadecane shows no roughness dependency in the
odd−even eﬀect. Unlike with polar liquids, HD shows an odd−
even eﬀect across all interfaces and also wets all the surfaces.
We believe that this is due to the changing local environment of
whatever moiety (potentially CH2 for disordered, rough surface
SAMs) is exposed to the interface. This inference is partially
informed by spectroscopic data31 that indicate that the struc-
ture of the SAM evolves with an increase in molecular length
and manifests diﬀerently when SAM is on smooth vs rough
surfaces. Hexadecane is sensitive to changes in local environ-
ments of the surface exposed moiety, in part due to establish-
ment of a better contact (wetting) and its nonpolar nature.
Polar liquids, however, are predominantly inﬂuenced by the
orientation of the terminal moiety and structure of the SAM.
(iv) There is no signiﬁcant dependency of Δθs of nonwetting
liquid on the surface roughness of the substrates but a heavy
dependency of overall Δθs of wetting liquid on the roughness
of the surface. By comparing data from surfaces with diﬀerent
Figure 5. Surface texture of substrate and wetting properties of SAMs on the substrates. (a) Images of grains on AgTS and AgM‑TS surfaces.
(b) Estimated average grain area of AgTS and AgM‑TS surfaces. (c) Comparison of the substrate roughness with the overall contact angle changes of
water, glycerol, and HD. Dashed lines are ﬁtted lines showing the eﬀect of surface roughness on diﬀerent contact liquids.
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probe liquids, we observed that the nonwetting property
depends more on interface chemistry while the wetting property
depends more on the SAM structure (induced by the substrate
structure). As a result, on surfaces of various roughness, Δθs for
nonwetting liquids are comparable because of the long-chain
molecules while Δθs for nonwetting liquids change signiﬁcantly
because SAM structure varies with substrate surface roughness.
(v) Wetting and nonwetting probe liquids show dissimilar
behaviors in the transition of the odd−even eﬀect. We observed
a transition in the ability to observe the odd−even eﬀect for
probe liquids with signiﬁcant contribution of a polar component
in their surface tension. This indicates that although the odd−
even eﬀect can be observed in both wetting and nonwetting
liquids, the driving forces are diﬀerent, and thus the two similar
phenomena should be diﬀerentiated. From the deﬁnition of
the spreading parameter, we believe that the odd−even eﬀect in
nonwetting surfaces demonstrates domination by cohesive forces
resulting from the large interface surface tension mismatch.
In wetting liquids, however, the spreading parameter is dom-
inated by adhesive forces because a more favorable interface has
been created.
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